Introduction. Although doxorubicin (Dox)-induced cardiac toxicity and pegylated liposomal doxorubicin (PLD)-induced hand-foot syndrome (HFS) were reported to be correlated with reactive oxygen species (ROS) generation, there is no effective preventive treatment at present. Therefore, the aim of this study was to investigate whether antioxidantsresveratrol (RSVL), tetrahydroxystilbene glucoside (THSG), curcumin, and the ethanolic extract of Antrodia cinnamomea (EEAC)-have the ability to reduce Dox-induced ROS and have a synergistic anticancer effect with Dox that could prevent those side effects and enhance the efficacy of cancer treatment. Methods. 3T3 normal cells were used as a model to evaluate the effects of these antioxidants in reducing ROS accumulation. Furthermore, the synergistic anticancer effect of antioxidants with Dox on the MCF-7 breast cancer model was also evaluated. Results. Pretreatment of cells with RSVL, curcumin, and EEAC increased the cell antioxidant ability by improving the activity of superoxide dismutase (SOD), prevented or limited intracellular damage, and ameliorated the harmful effects of ROS. Additionally, RSVL, curcumin, and EEAC had synergistic effects with Dox against MCF-7 breast cancer cells. Conclusion. RSVL, curcumin, and EEAC have the potential to be clinically applied to prevent cardiac toxicity and HFS and enhance the anticancer efficiency of Dox.
Introduction
Chemotherapy using antitumor drugs plays an important role in clinical cancer treatments. However, these remedies are accompanied by several problems, including severe adverse reactions and expression of drug-resistant cells, which may necessitate a discontinuation of chemotherapy and thus contribute to reducing the therapeutic index. 1 Doxorubicin (Dox) is an anthracyline antibiotic used in numerous chemotherapeutic regimens to treat hematological and solid tumors. Though effective as an anticancer drug, dose-dependent cardiotoxicity is a well-described side effect of Dox therapy and is a major limitation to its use. The mechanisms underlying the effects on cardiac tissues have been intensively investigated. 2 Free radical formation, lipid peroxidation, mitochondrial dysfunction, altered calcium handling, DNA damage, p53 accumulation, and activation of proapoptotic signaling cascades/inhibition of survival signaling were all implicated. Although these mechanisms are not fully elucidated and are multifactorial, there is wide acceptance that oxidative stress and the production of free radicals are involved in Dox-induced cardiotoxicity. Therefore, Dox was found to enhance the formation of reactive oxygen species (ROS) in heart tissues. 3, 4 Pegylated liposomal doxorubicin (PLD) is a formulation of Dox that has been extensively used in a variety of cancer therapies, mainly against breast and ovarian cancers. 5 PLD was shown to be as effective as nonliposomal conventional Dox and to have a significantly better cardiac safety profile. However, there is a side effect called palmar-plantar erythrodysesthesia (also called hand-foot syndrome [HFS]) associated with PLD that is not seen with nonliposomal Dox. 6 HFS usually begins with painless erythema, desquamation, and swelling and progresses to stinging blisters, ulcers, and swelling. After a PLD injection, symptoms of different grades of HFS can disrupt patients' quality of life and daily activities. Depending on the severity of HFS, dose modification of PLD or even discontinuation of treatment may be required. Several treatments to prevent HFS in the clinic include ice-cooling of the extremities; application of a topical cream containing urea or vitamins A, D, and E on the palms and feet; and administration of vitamin B6 or steroid every day. However, these are supportive treatments. 7, 8 The etiology of HFS associated with PLD is not well understood. The drug may accumulate in microcapillaries of the hands and feet. PLD was detected in eccrine sweat glands, which are more numerous in the palms of the hands and soles of the feet. Yokomichi et al 9 prepared an animal model to compare the effects of Dox versus PLD and found that only treatment with PLD resulted in HFS, which led to the conclusion that extravasation caused by long-term circulation is one of the causes of HFS. The primary factor leading to the skin-specific outbreaks in the extremities is the appearance of ROS caused by interactions between Dox and metallic Cu(II) ions abundant in skin tissues. 9, 10 Massive apoptosis of keratinocytes was implicated in the pathogenesis of chemotherapy-induced skin toxicities. Because there are no reports of effective treatments for PLD-induced HFS, to ensure completion of medical treatment, it is extremely important to establish precautionary measurements and reduce adverse reactions associated with PLD.
Nowadays, complementary and alternative medicine (CAM) is popular worldwide. Common reasons for using CAM include believing in complementary and/or holistic care, taking charge of a disease, dealing with cancer symptoms, dealing with side effects of conventional treatments, improving the quality of life/well-being, strengthening the immune system, increasing energy, working with a supportive practitioner, and supplementing conventional cancer treatment. [11] [12] [13] Clinically, there have been hundreds of trials looking at the effects of CAM on asthma, allergic rhinitis, and atopic dermatitis. 14 However, the use of CAM is common among cancer patients. Use of herbal medicines, including extracts and dietary supplements, among patients diagnosed with cancer is the most commonly used CAM therapy. 15 Curcumin, a natural compound extracted from Curcuma longa, is known for its antioxidant properties. 16 In combination with Dox, it was found to increase apoptosis in several cancer cell lines. 17 A number of dietary phytochemicals exhibit synergistic effects with conventional chemotherapy and radiotherapy. Thus, naturally derived phytochemicals could play important roles in cancer therapy owing to multitargeted mechanistic actions and a lack of substantial toxicity. Among such compounds, resveratrol (RSVL) was identified as an effective candidate for overcoming chemoresistance by tumor cells. Combined treatment with RSVL and clofarabine may have therapeutic value in treating human MSTO-211H malignant mesothelioma cells. 18 Many studies were conducted using adjunctive therapy to counteract the adverse cardiac effects of Dox. Gu et al 19 investigated the protective effect of RSVL on a nude mouse model of Dox-treated lymphomas and found that RSVL reduced Dox-induced cardiac damage and apoptosis. In recent years, the medical mushroom, Antrodia cinnamomea, which is known as niu-chang chih in Chinese, has been referred to as a "national treasure of Taiwan." The scientific literature also showed that this mushroom possesses a number of bioactive properties such as anticancer, anti-inflammatory, antioxidant, antihypertensive, anti-hepatitis B virus replication, hepatoprotective, and neuroprotective functions. 20, 21 Pretreatment with anthroquinonol, a ubiquinone derivate isolated from the fruiting body and mycelium of A cinnamomea, protected hepatic cells against ethanol-induced oxidative stress. 22 Radix Polygoni multifori has been recognized as an important health-protective and nutritional supplement for thousands of years. As the bioactive and marker ingredient of Radix Polygoni multifori, 2,3,5,4′-tetrahydroxystilbene-2-β-O-d-glucoside (THSG) was proven to possess a variety of bioactivities. Recent pharmacological studies indicated that THSG has strong antioxidant and free radical-scavenging properties. Researchers also showed that THSG can diminish peroxidation levels in the brain in a mouse model of Alzheimer's disease and cerebral ischemia reperfusion. 23 Based on those previous reports, the goals of the present study were to evaluate the efficacy of various antioxidants (RSVL, THSG, curcumin, and the ethanolic extract of A cinnamomea [EEAC]) as CAM in combination with the chemotherapeutic agent, Dox, in ameliorating the side effects associated with Dox and its liposomal dosage form (PLD) and determining whether they have synergistic antitumor effects.
Materials and Methods

Materials
Dox was purchased from Zhejiang Hinsun Pharmaceutical (Zhejiang, China). RSVL, dimethyl sulfoxide (DMSO), and N-acetyl-l-cysteine (NAC) were obtained from Sigma-Aldrich (St Louis, MO). Curcumin and 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT) were bought from Alfa Aesar (Ward Hill, MA). 2′,7′-Dichlorodihydrofluorescein diacetate (DCF-DA), Hoechst 33342, MitoSOX Red mitochondrial superoxide indicator, Hank's balanced salt solution (HBSS), Dulbecco's modified Eagle medium, and fetal bovine serum were provided from Life Technologies (Grand Island, NY). Dulbecco's phosphate-buffered saline (PBS), 100× penicillin-streptomycin solution, and 10× trypsin-EDTA (0.5%) were obtained from Biowest (Nuaillé, France). Ethanol was purchased from ECHO Chemical (Taoyuan, Taiwan). THSG was obtained from Prof Ching-Chiung Wang of Taipei Medical University, Taipei, Taiwan, ROC. A cinnamomea was provided by Well Shine Biotechnology Development (Taipei, Taiwan). The EEAC was prepared as previously described with minor modifications. 24 Briefly, fresh air-dried A cinnamomea was immersed in ethanol at continuously stirred for 24 hour. Residues were removed by filtration (Whatman No. 1), and then the ethanol was removed in a rotary evaporator to obtain the dried EEAC. Finally, the EEAC was dissolved in DMSO, and a concentration of 40 mg/mL was stored at −20°C. Other reagents were of analytical grade.
Cell Culture Conditions
3T3 normal cells were used as a model to evaluate the effects of antioxidants in reducing ROS accumulation. MCF-7 breast cancer cells were used as a model to evaluate the synergistic anticancer effects of antioxidants and Dox. 3T3 cells and MCF-7 cells were obtained from the Bioresource Collection and Research Center (Hsinchu, Taiwan) and maintained in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum, and 1% penicillin-streptomycin incubated in a humidified atmosphere containing 5% CO 2 in air at 37°C.
Cell Viability Assay
Cell viability was measured using an MTT assay, which is based on the conversion of MTT to formazan crystals by mitochondrial dehydrogenase. 3T3 cells were seeded in 24-well culture plates at a concentration of 5 × 10 5 cells/ well and incubated for 24 hours prior to treatment. Stock solutions of curcumin, RSVL, and EEAC were, respectively, prepared in DMSO. THSG was prepared in sterile water (ddH 2 O). Then, 4 antioxidants were added to 3T3 cell cultures and incubated for differential time intervals (5 and 24 hours) at the desired concentrations. Subsequently, an MTT solution (5 mg/mL in PBS) was added to the 24-well plates for 2 hours. Finally, DMSO (100 µL) was added to solubilize the formazan salts formed, and the amount of formazan salts was determined by measuring the optical density at 570 nm with a microplate reader (Bio-Tek, Synergy HT, USA). Results of cell viability are expressed as a percentage, based on the ratio of the absorbance of treated cells to that of the controls (100%).
Measurement of the Content of Intracellular ROS
ROS accumulation in 3T3 cells was monitored using the fluorescent marker, DCF-DA, as described previously 21 with minor modifications. DCF-DA is a nonfluorescent compound that is deacetylated by viable cells to dichlorofluorescein (DCF) by ROS. 3T3 cells (10 5 cells/well) were seeded in 12-well plates and treated with a combination of various concentrations of antioxidants (RSVL, THSG, curcumin, and EEAC) and Dox (1.5 µM) for desired time intervals (1, 3, 5, and 24 hours), or they were pretreated with various concentrations of antioxidants for 5 hours and then treated with Dox only for various times (1, 3, and 24 hours). At the end of the incubation period, the culture supernatant was removed, and cells were washed twice with PBS. DCF-DA (25 µM) was mixed with HBSS and added to the culture plate. After incubation for 30 minutes, DCF fluorescence was quantified at 485/528 nm in a microplate reader (Bio-Tek, Synergy HT). Results of the relative levels of fluorescence are expressed as a percentage, based on the ratio of the absorbance of treated cells to that of the controls (100%).
Nuclear Apoptosis Detection
Apoptotic cells were determined on the basis of characteristic changes in the nuclear morphology after staining with the DNA-binding fluorochrome, Hoechst 33342. 25 Briefly, 3T3 cells were pretreated with various antioxidants for 5 hours and then treated with Dox for 1 hour or treated with Dox only (the control group). Finally, 10 mg/mL of Hoechst 33342 was added to the medium, which was incubated for 30 minutes at 37°C and analyzed for apoptosis by looking for cells with intensely condensed chromatin and/or fragmented nuclei by fluorescence microscopy (Leica Microsystems, Allendale, NJ).
Mitochondrial Superoxide Detection
Mitochondrial superoxide formation was detected by fluorescence microscopy using MitoSOX Red as a specific fluorescent probe. Briefly, 3T3 cells were pretreated with antioxidants for 5 hours and then treated with Dox for 1 hour or were treated with Dox only for 5 hours. Finally, treated cells were incubated with 5 µM of the MitoSOX Red probe for 10 minutes at 37°C in the dark. They were then thoroughly washed with warm HBSS buffer and mounted for imaging. MitoSOX Red was visualized using an excitation wavelength of 510 nm and an emitter band pass of 580 nm.
Intracellular Superoxide Dismutase (SOD) Activities
First, 3T3 cells were treated with various concentrations of antioxidants (150 µM RSVL, 240 µM THSG, 20 µM curcumin, and 120 µM EEAC) and Dox (1.5 µM) for 24 hours, respectively. The cell-free condition served as a blank. Then, intracellular SOD activities 24 were determined using commercially available kits. All the procedures were performed in complete compliance with the manufacturer's instructions. The assay for measuring SOD activities was based on the ability of SOD to inhibit the oxidation of hydroxylamine by O 2 − produced from the xanthine-xanthine oxidase system. The optical density at 490 nm was measured with a microplate reader. Increased percentages of SOD activities of samples, including antioxidants and Dox were defined by the following equation:
(1)
Synergistic Anticancer Effects of Antioxidants and the Chemotherapeutic Agent, Dox, Against MCF-7 Breast Cancer Cells MCF-7 breast cancer cells were seeded in 12-well plates overnight and then treated with different concentrations of Dox, RSVL, curcumin, THSG, and EEAC for 48 hours. To evaluate the synergistic anticancer effects of the antioxidants and Dox, MCF-7 breast cancer cells were also treated with combinations of various antioxidants at the indicated concentration (200 µM RSVL, 30 µM curcumin, 240 µM THSG, and 120 µM EEAC) and 1.5 µM Dox. After 48 hours of incubation at 37°C in a humidified atmosphere containing 5% CO 2 in air, they were treated with MTT and incubated for 2 hours. The light absorbance was measured at 570 nm in a microplate reader (Bio-Tek, Synergy HT). Results of the viability of MCF-7 breast cancer cells are expressed as a percentage, based on the ratio of the absorbance of treated cells to that of the controls (100%).
Combined Effect (CE)
The CE of antioxidants and Dox was evaluated as follows:
where V is the cell viability of MCF-7 cells treated with antioxidants at the indicated concentration in combination with 1.5 µM Dox and V a is the cell viability of MCF-7 cells treated with Dox alone at the same concentration. The CE is defined as follows: a CE of <1 indicates a synergistic effect, whereas a CE of >1 indicates an antagonistic effect. 18 
Results
In this study, the effects of antioxidants (RSVL, THSG, curcumin, and EEAC) on reducing Dox-induced ROS and synergistic anticancer effects with Dox were determined in vitro by 3T3 normal fibroblast cells and MCF-7 breast cancer cells.
Effects of Antioxidants on Normal 3T3 Cells
To characterize the viability response of normal cells to antioxidant treatments, 3T3 cells were treated with various concentrations of antioxidants, and their viability was determined after 5 and 24 hours. All antioxidant treatment caused dose-and time-dependent decreases in cell viability (Figure 1 ). However, results showed that various concentrations of RSVL, THSG, curcumin, and EEAC themselves were nontoxic (cell viabilities of >80%) to normal 3T3 cells after 5 hours of treatment. The cell viability in normal 3T3 cells decreased to 50% after incubation in the presence of about 200 µM RSVL, 30 µM curcumin, or 160 µM EEAC for 24 hours. Treatment with THSG in the indicated concentration range revealed no cytotoxic effects against 3T3 cells after 24 hours. Therefore, different concentrations of RSVL (~0-200 µM), THSG (~0-360 µM), curcumin (~0-30 µM), and EEAC (~0-160 µM) were used to evaluate the effects on reducing Dox-induced ROS and synergistic anticancer effects with Dox.
To evaluate the effects of antioxidants on oxidative stress in 3T3 cells induced by Dox, the fluorescent dye, DCF-DA, was used to measure ROS production. 3T3 cells were treated with a combination of antioxidants and Dox or were pretreated with antioxidants for 5 hours and then treated with Dox. Results showed that Dox cotreated with RSVL (150 and 200 µM) for 24 hours and EEAC (40, 60, and 80 µM) for 1, 3, and 5 hours significantly decreased intracellular ROS levels compared with control cells. In contrast, THSG and curcumin cotreated with Dox showed no significant effect of decreasing ROS levels (Figure 2A ). However, increases in ROS production induced by Dox with 1, 3, and 24 hours of treatment were significantly reduced by, respectively, pretreating 3T3 cells with RSVL (150 and 200 µM), curcumin (30 µM), and EEAC (80 µM). In contrast, THSG failed to prevent ROS generation in 3T3 cells treated with Dox ( Figure 2B) .
To characterize the effect of pretreatment with antioxidants on the apoptotic response by Dox treatment, 3T3 cells were pretreated at the indicated concentration of antioxidant (150 µM RSVL, 240 µM THSG, 30 µM curcumin, and 120 µM EEAC) for 5 hours then treated with 1.5 µM Dox. Apoptosis was determined by a Hoechst 33342 assay. Apoptotic cells treated with 1.5 µM Dox only exhibited condensed and/or fragmented nuclei with bright nuclear fluorescence (Figure 3 , upper row). However, Dox treatment caused apoptosis that was reduced or inhibited by pretreating cells with these antioxidants for 5 hours (Figure 3 ). These results are consistent with pretreatment with RSVL, curcumin, and EEAC for 5 hours, reducing the ROS production induced by Dox ( Figure 2B ). We also used mitochondrion-targeted hydroethidium (MitoSox Red) to investigate mitochondria as the potential source of superoxide generation. Results showed that Dox increased the cellular dihydroethidium fluorescence intensity, which was reduced or inhibited by pretreatment with antioxidants for 5 hours (Figure 4) . Therefore, the generation of mitochondrial superoxide induced by Dox was inhibited by pretreatment with antioxidants. Figure 5 shows that treating 3T3 cells with various antioxidants for 24 hours significantly increased SOD levels. Curcumin and RSVL showed greater potencies in increasing SOD activity.
Effects of Antioxidants on MCF-7 Breast Cancer Cells
Prior to the combination studies, the effects on cell viability of Dox and antioxidants were, respectively, examined in MCF-7 breast cancer cells. Cells were incubated with various concentrations of Dox (~0-40 µM), RSVL (~0-200 µM), curcumin (~0-30 µM), THSG (~0-240 µM), and EEAC (~0-120 µM) for 48 hours. In the MTT assay, respective cell viabilities were 93.19% and 60% at concentrations of 1.5 and 40 µM Dox (Figure 6A) . At a concentration of 200 µM RSVL and 30 µM curcumin, cell viability was, respectively, reduced to about 60% ( Figures 6B and 6C) . Cell viability was >80% up to a concentration 120 µM EEAC ( Figure 6E ). In addition, we also observed that THSG at concentrations of <240 µM had almost no effect on MCF-7 cancer cells ( Figure 6D ). This means that 200 µM RSVL and 30 µM curcumin had the same anticancer effect as 40 µM Dox.
To evaluate the CEs with 4 antioxidants, 1.5 µM of Dox was used in further studies. Dox (1.5 µM), RSVL (200 µM), curcumin (30 µM), THSG (240 µM), and EEAC (120 µM) alone, respectively, reduced cell viabilities to approximately 93.19%, 62.78%, 69%, 101.72%, and 83.75%. However, combined treatment of 1.5 µM Dox with these antioxidants produced respective cell viabilities of approximately 61.94%, 75.13%, 92.62%, and 78.42% (Figure 7) . The CEs calculated for RSVL (200 µM), curcumin (30 µM), THSG (240 µM), and EEAC (120 µM) were 0.66, 0.81, 0.99, and 0.84, respectively. 
Discussion
Cardiac toxicity and HFS are common toxicities experienced by patients receiving Dox and PLD for cancer treatment and are dose-limiting toxicities. However, ROS were proposed as being responsible for Doxinduced cardiac toxicity and PLD-induced HFS. 26 Although cardiac and skin toxicity induced by chemotherapeutic agents were reported to be correlated with ROS generation, there is no effective preventive treatment at present. In this study, we observed that Doxinduced intracellular ROS accumulation in 3T3 cells was attenuated by cotreatment with EEAC and pretreatment with RSVL (150 and 200 µM), curcumin (30 µM), and EEAC (80 µM) for 5 hours, as shown by a reduced distribution of the DCF fluorescent dye in cells ( Figures  2) . Interestingly, pretreatment of cells with different concentrations of antioxidants for 5 hours showed more potent decreases in ROS levels than that seen in the cotreatment groups. So these antioxidants may serve as potential protective agents against Dox-induced cardiac toxicity and PLD-induced HFS through a mechanism that involves their ROS-scavenging properties. 27, 28 Using the Hoechst assay, we demonstrated that Dox induced apoptosis of 3T3 cells, and it was inhibited by pretreating cells with RSVL, curcumin, THSG, and EEAC (Figure 3 ). We also found that mitochondria are the primary source of superoxide generation based on observations that the generated superoxide induced by Dox was detected using the mitochondrial ROS probe, MitoSOX (Figure 4 ). This finding is consistent with the established role of mitochondria as a key source of ROS production through the electron transport chain. 29 The Dox-induced MitoSox fluorescence intensity was also inhibited by pretreating cells with RSVL, curcumin, THSG, and EEAC for 5 hours (Figure 4 ). These results are in good agreement with the ROS generation data and indicate that superoxide is the primary oxidative species and key mediator of Dox-induced apoptosis in 3T3 cells. In the process of apoptosis, mitochondria serve as a source of ROS, which is generated by a reduction in the mitochondrial membrane potential, and the enhanced ROS production is related to the apoptotic response induced by Dox. It was reported that cells are often equipped with several antioxidants to prevent free-radical damage. SOD and glutathione peroxidase, along with other enzymatic and nonenzymatic antioxidants, play pivotal roles in preventing cellular damage caused by ROS. Therefore, intracellular ROS can be effectively eliminated by the combined action of SOD, glutathione peroxidase, and other endogenous antioxidants, which provide a repair mechanism for oxidized membrane components. 25 In the present study, significant increases in SOD were observed in 3T3 cells after exposure to RSVL, curcumin, THSG, and EEAC ( Figure 5 ), indicating the ability of antioxidants to decrease ROS contents. The present findings corroborate similar findings by Zhang et al 30 who reported that Dox was able to enhance the formation of ROS in heart tissues. Excessive production of ROS may induce cell damage via apoptosis in any cell type, and such effects can be blocked by a wide variety of antioxidants. 30, 31 Therefore, free radicals are responsible for the dangerous side effects of cardiotoxicity elicited by the drug's use, although these same mechanisms make Dox a potent anticancer drug, allowing it to be efficacious against various forms of cancer. 32 Together, our results indicate that pretreatment with RSVL (150 and 200 µM), curcumin (30 µM), and EEAC (80 µM) could ameliorate Dox-induced cardiotoxicity and PLD-induced HFS.
The antitumor activity of DOX was shown to be a result of topoisomerase II inhibition and DNA damage through radical reactions and apoptosis. The mechanism of apoptosis involving DOX was determined to be a result of oxidative DNA damage by DOX-induced ROS generation, although DOX-induced apoptosis may involve topoisomerase II inhibition. 1 The viability of MCF-7 cells was decreased by Dox in a dose-dependent manner. Antioxidative properties of RSVL, curcumin, and EEAC have the ability to inhibit ROS generation. The viability of MCF-7 cells treated with RSVL (200 µM), curcumin (30 µM), and EEAC (120 µM) was also significantly lower than that of cells treated with 1.5 µM Dox alone ( Figure 6 ). The ability of RSVL to inhibit cell proliferation and induce cell death is well established. 18 It was also reported that curcumin caused apoptosis of tumor cells through various pathways. 1 Viability of cells cotreated with 1.5 µM Dox and RSVL (200 µM), curcumin (30 µM), and EEAC (120 µM) was significantly lower than that with Dox alone (Figure 7) . A greater synergistic effect was achieved with 200 µM RSVL and 1.5 µM Dox in MCF-7 cells. Recent in vitro and in vivo studies showed promising results regarding antioxidants in different cancer models, in addition to their chemopreventive properties. Combined treatment with the chemotherapeutic agent, clofarabine, and RSVL was expected to exert a more significant inhibitory effect on molecules related to cell growth. As one of the novel molecular effects of combined treatment, combined treatment with RSVL and clofarabine exhibited inhibition of Akt, Sp1, and sp1-regulated gene products, including c-Met, cyclin D1, and p21. 18 Curcumin, a polyphenol compound, is able to modulate several important signaling pathways such as nuclear factor-κB and increase apoptosis in several cancer cell lines in combination with Dox. 33 The present study supports these notions, showing that antioxidants (RSVL, curcumin, and EEAC) alone or combined with Dox can inhibit the proliferation of MCF-7 cells, even at low treatment doses of Dox, and resulted in at least 20% inhibition of cell survival.
We found that antioxidants (RSVL, curcumin, and EEAC) apart from their antioxidant effect also have anticancer activity owing to multitargeted chemopreventive properties. The antioxidant effect can reduce side effects, including Dox-induced cardiotoxicity and PLD-induced HFS. The anticancer activity can enhance chemotherapeutic potential. Cancer chemotherapy commonly involves a cocktail strategy in which multiple drugs are used. Dox is commonly used in combination regimens with other cytotoxic drugs such as methotrexate, cisplatin, ifosfamide, and vincristine in the clinic. To be considered successful, a drug combination should have advantages such as increased therapeutic efficacy and reduced toxicity to the host. Therefore, the combination of Dox and antioxidants (RSVL, curcumin, and EEAC) may have therapeutic value in treating cancer.
In conclusion, our study is the first to demonstrate the effects of combined treatment of antioxidants and Dox on ameliorating Dox-induced cardiotoxicity and PLD-induced HFS and causing synergistic anticancer effects. RSVL, curcumin, and EEAC are useful modulators to enhance the antitumor activity of Dox while reducing the adverse effects of cardiac toxicity and HFS by decreasing ROS production in normal tissues. We expect that the addition of RSVL, curcumin, and EEAC may enable a reduction in the effective dose of Dox and enhance the quality of life of patients in clinical cancer therapy. In the future, we hope that these antioxidants (RSVL, curcumin, and EEAC) can serve as potential CAM and integrative cancer therapies to treat patients suffering from cancer. 
